Introduction
Located within the oropharynx, the human palatine tonsils are a component of Waldeyer's tonsillar ring; a series of immunocompetent lymphoid tissues whose function is to antigenically sample potentially infectious agents entering the aerodigestive tract. On their pharyngeal aspect, the palatine tonsils are covered by a stratified squamous epithelium that, although designed for protection, is highly susceptible to both viral and bacterial infections, including human papillomavirus (HPV) (Syrjanen, 2004) , Epstein-Barr virus (EBV) (Pegtel, et al., 2004) and Group A streptococcal infection (Wilkening and Federle, 2017) .
Interrogation of the mechanisms by which pathogens bind to and invade tonsillar epithelium has been hampered by the absence of tonsillar tissue in small rodent models, rendering in vivo analysis impractical. This has lead researchers to develop alternative strategies to investigate host-pathogen interactions such as the use of isolated tonsillar cells (Turner, et al., 2012) or ex vivo tonsillar explant tissue. Tonsillar explants consist of small sections of tonsillar tissue cultured immediately after excision and several groups have co-cultured these with various strains of S. pyogenes in an attempt to model the initial stages of tonsillar infection (Abbot, et al., 2007 , Bell, et al., 2012 , Smith, et al., 2010 . However, such explants have limited culture lifespan and are associated with significant variation in behaviour as a result of heterogeneous donor tissue. Tonsil explants are also logistically challenging, and require a regular supply of patient material in the face of reduced commissioning of tonsillectomy surgeries by health care providers. Other groups have used monolayer keratinocyte cultures to model tonsillar infection (Ajello, et al., 2002 , Lace, et al., 2009a . However, cells cultured in 2D do not exhibit the structural complexity of native tissue with respect to cell-cell interactions, paracrine signalling, morphogenesis, proliferation and differentiation and therefore represent poor models of stratified squamous epithelium (Moharamzadeh, et al., 2012) .
The limitations of monolayer culture have prompted interest in the use of tissueengineered 3D models of squamous epithelium in order to study the mechanisms of infection. Recently, progress has been made in generating tissue-engineered tonsil epithelium. Kang et al developed a 3D in vitro infection model based on isolated human tonsillar keratinocytes cultured on a collagen matrix populated with murine 3T3 fibroblasts to examine HPV-mediated epithelial transformation (Kang, et al., 2015) ; a similar model was also used by Temple and colleagues to monitor EBV-mediated epithelial infection (Temple, et al., 2014) . Although these in vitro models displayed a stratified epithelium, it is now clear that fibroblasts in the underlying connective tissue have a profound influence on the differentiation and keratinisation status of the epithelium (Mah, et al., 2014) , highlighting the importance of using anatomically matched fibroblasts (Sriram, et al., 2015) .
Another confounding factor in generating realistic in vitro epithelial equivalents is the limited lifespan of primary cultured keratinocytes and their rapid cellular senescence when cultured in vitro (Lundberg, et al., 2000) . Several strategies have been utilised to overcome this problem including immortalisation through transfection with viral oncogenes (Lace, et al., 2009b , Spanos, et al., 2008a and stable elevated expression of hTERT (Dickson, et al., 2000 , Ramirez, et al., 2001 , Reijnders, et al., 2015 . Although these immortalisation techniques have the distinct advantage of increasing the longevity of cells they also carry several disadvantages, including permanent genetic changes within p53 (Lehman, et al., 1993 , Spanos, et al., 2008b and pRb (Kiyono, et al., 1998) pathways, and isochromosomes (Allen-Hoffmann, et al., 2000) that can lead to phenotypic differences compared to that of original primary cells from which they were derived. To avoid these limitations, recent research has focused on increasing cell longevity via the addition of Rho kinase inhibitors to the culture medium.
Rho-associated coiled-coiled protein kinase (ROCK) is a serine/threonine kinase important in the regulation of keratinocyte adhesion, migration and differentiation (Jackson, et al., 2011 , Lock and Hotchin, 2009 , Narumiya, et al., 1997 , Tu, et al., 2011 that can be inhibited through the small molecule inhibitor Y-27632 Skin, cervical and vaginal keratinocytes cultured in the presence of Y-27632 displayed an enhanced proliferative capacity and maintained an undifferentiated phenotype in monolayer culture (Chapman, et al., 2010 , Chapman, et al., 2014 , Strudwick, et al., 2015 . Previously, tissue engineered human skin equivalents have been cultured from Y-27632-treated dermal keratinocytes (Aslanova, et al., 2015 , Strudwick, et al., 2015 , van den Bogaard, et al., 2012 . However, this method has not yet been demonstrated for tonsil keratinocytes.
In this study we describe, for the first time, the generation of tissue-engineered tonsil epithelial equivalents based on Y-27632-treated tonsil keratinocytes cultured on a tonsillar fibroblast-populated de-cellularised dermis. We show that these epithelial equivalents display a structural histology and expression of epithelial markers that are 6 characteristic of native stratified squamous tonsil epithelium. Moreover, the in vitro cultured tissue demonstrates an appropriate cytokine response to infection with S. pyogenes and therefore represents an advanced tissue model for use in host-pathogen research.
Materials and Methods
All reagents were purchased from Sigma-Aldrich (Poole, UK) unless otherwise stated.
Isolation of primary human tonsillar keratinocytes and fibroblasts
All human tissues were collected from patients during routine tonsillectomies at the Royal Hallamshire Hospital, Sheffield Teaching Hospitals NHS Foundation Trust with written, informed consent (ethical approval number 09/H1308/66). Human palatine tonsils were surgically removed ( Supplementary Fig. 1 Normal tonsillar fibroblasts (NTF) were isolated from the connective tissue by fine mincing followed by digestion with either 0.5% (w/v) collagenase A overnight at 37°C or 0.5% (w/v) collagenase A overnight at 37 °C followed by trypsin-EDTA for 30 minutes at 37°C. NTF were used between passages 3 and 6 for all experiments. Doubling time = duration of culture × log(2) log(final cell concentration) log (initial cell concentration)
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Production of tissue-engineered tonsil epithelium equivalents
Human cadaveric skin was washed repeatedly in warm PBS and de-cellularised using 1 M sodium chloride for 24 h at 37 °C. The epithelium was removed by scraping with forceps and the connective tissue washed extensively in PBS to produce de-epidermised dermis (DED), a scaffold previously demonstrated to be ideally suited for the production of epithelium equivalents (Colley, et al., 2011 , MacNeil, et al., 2011 , Wolf, et al., 2009 .
Twenty mm² pieces of DED were transferred to six-well plates (papillary surface uppermost). Tissue-engineered tonsil equivalents were produced by directly seeding 5
x 10 5 NTK and 3.3 x 10 NTF to the papillary surface of DED in the centre of an 8 mm flavin-and adenine-enriched media and cells allowed to adhere in submerged culture ( Fig. 1) . Media inside the ring was changed after 24 h and after 72 h the ring was removed and the models placed onto stainless steel grids to facilitate culture at an air-to-liquid interface. Tonsil equivalents were cultured for 14 days before analysis, with the medium changed every 2-3 days as previously described (Colley, et al., 2011) .
Streptococcus pyogenes infection model
Streptococcus pyogenes leukotoxic strain C203S (Sullivan and Mandell, 1980) was routinely grown at 37°C under anaerobic conditions (10% CO2, 10% H2, 80% N2) on blood agar plates made from fastidious anaerobic agar (Lab M, Heywood, UK) supplemented with 4.5% oxalated horse blood or in brain heart infusion broth supplemented with 0.5% yeast extract, 0.25% hemin, 0.1% vitamin K and 0.002% cysteine. To prepare infection models, tissue engineered tonsil equivalents were prepared as described previously, but in these models NTF and NTK were added to 10 mm diameter discs of DED placed onto M I custom-made 3D printed tripod stands and cultured in 6-well plates at an air-liquid interface for 19 days, with medium changes every 2-3 days. Prior to incubation with bacteria, tonsil equivalents were cultured in antibiotic, anti-fungal and hydrocortisonefree flavin-and adenine-enriched medium overnight. S. pyogenes grown in liquid culture overnight at 37°C were centrifuged, washed with PBS, counted and resuspended at CFU in antibiotic-free medium. A suspension containing 1.5 x 10 CFU S. pyogenes (multiplicity of infection = 50) was seeded onto each model and then cultured for 24 h. Non-infected models were used as controls.
Histological processing and immunohistochemistry
For histological analysis, models were removed from the culture medium, washed with PBS and fixed in 3.7% PBS-buffered formalin overnight before being subjected to routine histological processing and embedded in paraffin-F g a Leica RM2235 microtome (Leica microsystems) and sections were de-waxed, rehydrated and stained with haematoxylin and eosin (H&E (1:250, Sigma-Aldrich), monoclonal rabbit anti-c-MYC (1:100, Santa Cruz) or polyclonal goat anti--actin (1:500; Santa Cruz) overnight at 4°C. Following washing in TBST, membranes were incubated for 2 hours with either IRDye 800CW donkey anti-rabbit
(1:10 000 LI-COR Biosciences) or IRDye 680RD donkey anti-goat (1:10 000 LI-COR Biosciences). Visualization of blots and densitometry was performed using a LI-COR Odyssey system (LI-COR Biosciences).
Cytokine array
The conditioned media from S. pyogenes-infected and control tonsil equivalents were analysed for cytokine content using Human Cytokine Antibody Array C3 (RayBiotech, Norcross, GA) in accordance with the manufacturer's instructions. Briefly, array membranes were blocked in blocking buffer then incubated with 1 ml conditioned medium from infected or non-infected models for 2 hours at room temperature. After washing, membranes were incubated with a cocktail of biotinylated secondary antibodies for 2 hours at room temperature and then membranes washed and further incubated with horseradish peroxidase (HRP)-conjugated streptavidin followed by enhanced chemiluminescence detection. Densitometry of individual spots was undertaken using QuantityOne 4.5.0 software (BioRad) and signal intensities of cytokine spots normalised relative to internal positive and negative controls, after which relative fold change in protein level was calculated for infected compared to non-infected controls.
Lactate dehydrogenase release assay
the culture medium using a CytoTox96 enzyme assay kit (Promega, Southampton, UK) B a 96-well flat-bottomed plate. The plate was incubated for 30 minutes at room temperature before the reaction was stopped using 50 measured at 492 nm.
Statistical analysis
Data are presented as mean values ± standard deviation (SD) of three independent experiments (n=3) with each test performed in triplicate unless otherwise stated. Mann-Whitney U tests for pairwise comparisons or ANOVA multiple statistical comparisons were performed using GraphPad Prism v6.00 (GraphPad Software, La Jolla, CA, USA) and
differences between test and control groups considered significant when p < 0.05.
Unless otherwise stated each experiment was performed on keratinocytes isolated from at least 3 different donors.
Results
Normal tonsillar keratinocyte and fibroblast isolation and culture
Tonsils retrieved during routine tonsillectomy were orientated to expose the oropharyngeal surface through the identification of tonsillar crypts, and the superficial stratified squamous epithelium along with the underlying connective tissue removed by scalpel excision (Supplementary Fig. 1 ). Enzymatic digestion of the excised tissue using trypsin yielded significantly (p<0.05) more NTK compared to dispase treatment, and significantly more (p<0.05) NTF were liberated following combined collagenase and trypsin treatment than tissue incubated with collagenase alone ( Supplementary Fig. 2) .
Cell isolation procedures based on trypsin (NTK) and collagenase + trypsin (NTF) were therefore used throughout the study.
Rho kinase inhibition increases the longevity of normal tonsillar keratinocytes
To investigate the long-term effects of Rho kinase inhibition on proliferation and differentiation, freshly isolated NTK were cultured in the absence or presence of Y-27632. In the absence of Y-27632, NTK at low population doubling displayed a homogeneous rounded morphology with a classical cobblestone appearance ( Fig. 2A ).
However, after prolonged culture (population doubling 11), NTK developed a flat, heterogeneous morphology with increased cell size and granulated cytoplasm reminiscent of a differentiated/senescent phenotype (Fig. 2B) . Additionally, these NTK failed to proliferate beyond 13 population doublings with replicative senescence reached at 6.3 ± 6.0 population doublings ( Fig. 2E ). In the presence of Y-27632, NTK at low population doubling exhibited the same classical cobblestone appearance as NTK cultured without the inhibitor (Fig. 2C) . Y-27632-cultured NTK were able to proliferate in monolayer culture for approximately 70 days without loss of the cobblestone morphology or viability, reaching more than 30 population doublings before the onset of senescence ( Fig. 2D & E) . In contrast to NTK, HTE E6/E7 transformed keratinocytes proliferated exponentially, reaching 45 population doublings over 80 days ( Fig. 2E ).
Expression of p16-INK4A and C-MYC in NTK following treatment with Y27632
Altered doubling seven compared to cells cultured without Y-27632 ( Fig. 3C) . Expression of c-MYC in E6/E7 transformed HTE E6/E7 cells was significantly (p<0.01) greater than in NTK cultured with or without Y-27632 ( Fig. 3A&C ).
Generation of tissue engineered tonsil epithelium equivalents
Tissue-engineered tonsil equivalents were generated from monolayer-cultured NTK in the absence (at population doubling 3) or presence (population doubling 31) of Y-27632.
NTK were added to the top of a NTF-populated DED scaffold and cultured with Y-27632free medium at an air-to-liquid interface, and the morphology and expression of epithelial markers compared to histological sections of native tonsillar tissue. Tonsil epithelium equivalents generated from NTK cultured with or without Y-27632 both displayed a multi-layered, stratified squamous non-keratinised epithelium comprised of undifferentiated basal cells with increasingly differentiated cells toward the apical surface of the epithelium. Both tonsil epithelium equivalents were histologically similar to native human tonsillar epithelium although the epithelium in the equivalent models was thinner than observed in the native tissue (Fig. 4) . In contrast, 3D equivalents generated using HTE E6/E7 cells produced models comprised of a discontinuous epithelium, often only one cell layer in thickness with a highly disorganised histological architecture ( Supplementary Fig. 3 ). Similar to native tonsil epithelium, ki67-positive proliferating cells were confined to the basal and supra-basal layers (Fig. 4) . The epithelium in both tissue equivalents was immuno-positive for E-cadherin, indicating the presence of desmosomal cell-to-cell contacts, similar to that observed in the native tonsillar epithelium (Fig. 4) . Both unexposed and Y-27632-exposed tonsil epithelium equivalents were negative for cytokeratin-8 expression, as was the surface epithelium of the native tonsillar tissue. Expression of cytokeratin-13 was restricted to the upper stratum spinosum keratinocytes in both native tonsillar epithelium and in both tissueengineered models, and cytokeratin-14 was expressed throughout the entire epithelium in native human tissue and tonsil equivalents, although overall expression was weaker than that observed in the native epithelium (Fig. 4) .
Tissue engineered tonsil epithelium equivalents based on Y-27632-treated NTK respond to S. pyogenes infection by secreting pro-inflammatory cytokines.
Tonsil epithelium equivalents were incubated for 24 hours with 1.5 x 10 8 CFU S.
pyogenes and cytokine responses measured in order to model Group B Streptococcus tonsillitis. S. pyogenes was observed to be associated with the upper stratum spinosum layers of the epithelium only, with evidence of epithelial invasion into these keratinocytes when infected tissue sections were analysed by Gram-staining (Fig. 5 ).
Bacterial invasion did not extend into the basal layer or the connective tissue in any of the models analysed. The culture medium from uninfected, control equivalents displayed constitutive expression of a number of cytokines including IL-6, CXCL chemokines (CXCL1-3, CXCL8, CXCL5) and CCL chemokines (CCL2, CCL8, CCL17).
However, expression of many of these chemokines was significantly increased upon infection with S. pyogenes. For instance, expression of CXCL5 and IL-6 was increased 10fold in infected, compared to control tonsillar epithelium equivalents (Fig. 6B ). Increased expression of CCL8, EGF and OSM (approx. 4-fold increase) and the chemokines CXCL1-3, CXCL8, CCL2 and CCL17 (2-fold increase) were detected by cytokine array (Fig 6B) . To confirm these findings expression of IL-6 was quantified by ELISA, which demonstrated a significant (p=0.029) increase in IL-6 production from 2 694±760 pg/ml to 7 220±2563 pg/ml upon S. pyogenes infection (Fig. 6C ). There was no significant difference in the viability of S. pyogenes-infected tonsillar epithelium equivalents compared to uninfected controls (p=0.16) (Fig. 6D) .
Discussion
In this study we have successfully demonstrated the use the ROCK inhibitor Y-27632 to chemically increase longevity of human NTK. Similar to experiments performed using keratinocytes from other anatomical sites (dermal foreskin, cervical, vaginal; (Chapman, et al., 2014 , Strudwick, et al., 2015 ), we observed prolonged cell doubling time in culture, with NTK reaching up to 31 population doublings without loss of morphology or replicative senescence. In contrast, NTK cultured in the absence of ROCK inhibitor quickly succumbed to replicative senescence and terminated proliferation. Like with other keratinocytes, the ability to extend the life span of NTK using Y-27632 without altering their phenotype has great implications for the use of these cells in research.
It is known that alterations in the expression of key cell cycle regulating proteins such as c-MYC and p16INK4A are crucial for cell immortalisation (Liu, et al., 2008) . The transcription factor c-MYC binds to human telomerase reverse transcriptase (hTERT)the catalytic subunit of telomerase -to induce its transcription and elevated levels of this enzyme are associated with increased telomere lengths and extended cell longevity (Liu, et al., 2008) . We found that c-MYC protein levels in NTK significantly increased upon addition of Y-27632 to the culture medium, suggesting that elevated levels of c-MYC expression may, in part, be responsible for driving ROCK inhibitor-induced increase in lifespan. Similar observations have been reported for dermal keratinocytes, where Y-27632 also rapidly induced c-MYC expression (Chapman, et al., 2010) .
Increased telomerase expression alone is not enough to sufficiently immortalise keratinocytes and expression of other cell cycle regulators such as p16INK4A must also be down-regulated (Dickson, et al., 2000 , Kiyono, et al., 1998 . On this basis, p16INK4A expression was examined in NTK grown in the presence and absence of Y-27632. Similar to observations for Y-27632-treated dermal, vaginal and cervical keratinocytes, we observed variable expression of p16INK4A for NTK in the presence of the ROCK inhibitor over several population doublings, a finding that was donor dependent (Chapman, et al., 2010) . Although further experimentation is required, our data support the notion that Y-27632 alters the expression of key cell cycle regulating proteins, in particular c-MYC, to impart an increased proliferation capacity on NTK. In HPV E6/E7 immortalized cells expression of p16INK4A was markedly elevated, even so, this protein is ineffectual due to inactivation of the pRb retinoblastoma tumour suppressor pathway by E7 (Kiyono, et al., 1998) .
To our knowledge, this is the first study that describes the use of Y-27632-treated NTK along with autologous NTF to produce a full-thickness tonsillar tissue. Chapman et al demonstrated that Y-27632 inhibits keratinocyte differentiation whilst promoting proliferation (Chapman, et al., 2014) , although this increase in lifespan could be reversed upon withdrawal of inhibitor. Therefore, Y-27632 was removed from NTK monolayers before adding these cells to the NTF-populated dermis, enabling the cells to produce a stratified, differentiated epithelium. Tonsil epithelium equivalents generated from NTK cultured in the presence of Y-27632 displayed the same histological appearance and expressed proliferation and differentiation markers that were directly comparable to normal human tonsil tissue, even after prolonged monolayer culture at a population doubling of 31; a period where NTK cultured in the absence of the inhibitor had already undergone senescence. In addition, tonsil equivalents based on Y-27632cultured NTK had the same morphology and characteristics as equivalents made with NTK cultured without the inhibitor (Temple, et al., 2014) . Use of Y-27632 greatly expands the window of opportunity to use cells for tissue engineering, allowing large numbers of replicate tonsil equivalents to be produced over an extended period of population doublings, an obvious advantage for in vitro experimentation.
Tonsil equivalents generated from NTK grown in the absence or presence of Y-27632 failed to express cytokeratin-8, a specific marker for tonsil crypt keratinocytes (Clark, et al., 2000) , suggesting that the treated NTK are derived from the surface tonsil epithelium. Both epithelial equivalents displayed ki-67-positive immune-positive cells in the basal layer representing actively proliferating cells within the stratified epithelium.
Evidence suggests that HPV preferentially infects the basal cells of oropharyngeal squamous epithelium to establish long-term infection. Here, the viral plasmid is retained within the basal cells in low copy number, but as the keratinocytes differentiate towards the apical surface the HPV plasmid levels increase rapidly and viral-laden keratinocytes cells are finally shed from the epithelial surface. Integration of HPV plasmid into the basal cell host DNA can also occur and this is associated with carcinogenesis (Doorbar, 2016 , Doorbar, et al., 2015 . Therefore, examining HPV biology in its natural environment necessitates the use of a proliferating stratified epithelium. The ability to create reproducible, fully-differentiated in vitro models of tonsillar epithelium has the potential to dramatically expedite research into oropharyngeal HPV infection, persistence and carcinogenesis; experiments that have previously required access to freshly isolated tissue.
We further validated the functionality of our tonsil epithelium equivalent by performing infection studies with S. pyogenes, the organism most often associated with bacterial tonsillitis. Tonsil infection is associated with recruitment of innate immune cells mediated by release of chemokines from locally infected cells (Rudack, et al., 2004) .
Persson et al showed that S. pyogenes initiates a pro-inflammatory response from monolayer-cultured keratinocytes in a Toll-Like Receptor-dependent mechanism by releasing chemokines such as CXCL1 and CXCL8 (Persson, et al., 2015) . We observed a similar pattern of pro-inflammatory cytokine production in tonsil epithelium equivalents infected with S. pyogenes where cytokine array profiling detected marked increases in several pro-inflammatory chemokines aimed at neutrophil (CXCL1, CXCL8) and mononuclear leukocyte (CCL2, CCL5) recruitment. In addition, and unlike previous studies, we detected a significant increase in IL-6 secretion, a cytokine highly expressed by fibroblasts during infection ; data that underscores the importance of performing infection studies using co-cultured cells set in a more natural environment. Recent evidence suggests that a dramatic genomic shift has occurred in a particular strain of Group A Streptococcus (genotype emm89) causing this bacterium to obtain molecular features that increase its virulence, which has led to epidemic waves of infection worldwide (Turner, et al., 2015) . Defining the molecular interaction between emm89 and the tonsillar epithelium would greatly enhance our knowledge of the new pathogenic mechanisms initiated by this bacterial strain, and studies utilising 3D, stratified squamous epithelium that closely mimics normal tonsillar epithelium will be crucial in unravelling the disease process.
In summary, we have shown that Y-27632 is able to increase the longevity of tonsillar keratinocytes and that these cells can be used to produce biologically functional tissue engineered tonsillar epithelium equivalents that closely mimic the natural human tissue.
The increased availability of such models has significant implications for those researchers studying the pathogenesis of HPV, EBV and Group A Streptococcus infection,
where tissue structure and architecture is of paramount importance.
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